Superconductivity in materials whose crystal structure lacks inversion symmetry is a prime candidate for unconventional superconductivity. A new noncentrosymmetric compound Zr3Ir crystallizes in a tetragonal α-V3S structure. The magnetization, specific heat and muon spin rotation confirm swave superconductivity, having a transition temperature Tc = 2.3 K. Muon spin relaxation confirms the preservation of time reversal symmetry in the superconducting ground state.
I. INTRODUCTION
Noncentrosymmetric superconductors have attracted considerable attention recently in both theoretical and experimental condensed matter physics. This lacks of inversion symmetry allows an antisymmetric spin-orbit coupling (ASOC) which can lift the degeneracy of the conduction band electrons and cause the superconducting Cooper pairs to contain an admixture of spin-singlet and spin-triplet states [1] [2] [3] [4] [5] [6] [7] . This mixed pairing may leads to superconductors with exotic properties, which are generally not observed in conventional superconductors, e.g. high upper critical field, time reversal symmetry breaking (TRSB), topologically protected edge states and anisotropic superconducting gap [8] [9] [10] . Time reversal symmetry breaking is rarely observed phenomenon phenomenon and only has been observed in a very few unconventional superconductors [12] [13] [14] [15] [16] [17] [18] [19] [20] . Noncentrosymmetric materials are prime members to host TRS breaking due to admixed ground state and its mixing ratio tunability using the strength of ASOC. Several noncentrosymmetric materials have been investigated to search unconventional superconductivity, among which LaNiC 2 [21] , La 7 Ir 3 [22] , Re 6 X (X = Zr, Hf, Ti) [23] [24] [25] , Re 24 Ti 5 [26] , locally noncentrosymmetric SrPtAs [27] are reported to show the presence of spontaneous static or quasistatic magnetic fields below the superconducting transition indicating a broken time reversal symmetry in the superconducting state. At the same time, many NCS superconductors are reported to show a conventional superconducting ground state [28] [29] [30] [31] [32] [33] [34] [35] [36] . Hence, it is important to understand the role ASOC and electron correlations on the parity mixing in these materials to clearly understand the presence/absence of TRSB. The only a small number of noncentrosymmetric superconductors which exhibit TRSB makes it difficult to determine the roles of ASOC. Therefore it is crucial to discover and charac- * rpsingh@iiserb.ac.in terize new superconductors whose crystal structure lack inversion symmetry.
In this paper, we study superconducting properties of Zr 3 Ir containing heavy (4d and 5d) elements which crystallize into noncentrosymmetric tetragonal α-V 3 S structure [37] . To the best of our knowledge, no other noncentrosymmetric superconductors with α-V 3 S structure has been studied in detail. The noncentrosymmetric crystal structural along with the presence of heavy transition metals makes Zr 3 Ir an interesting candidate to investigate the superconducting ground state. Detailed magnetization, heat capacity, and muon measurements suggest s-wave superconducting ground state with preserved time reversal symmetry.
II. EXPERIMENTAL DETAILS
Polycrystalline sample of Zr 3 Ir was prepared by conventional arc melting technique in which the constituent elements (Re powder 99.99% Alfa Aesar ; Zr slug 99.99% Alfa Aesar ) were taken in the stoichiometric ratio and melted in a water-cooled copper hearth under high purity argon gas. The elements were melted to form small ash coloured button of Zr 3 Ir, which was flipped and remelted several times for homogeneity of the sample.
Characterization of the crystal structure and phase purity of the sample was done by room temperature Xray diffraction measurements using PANalytical diffractometer equipped with CuK α radiation (λ = 1.5406 Å). Magnetization and AC susceptibility measurements were done using Quantum Design superconducting quantum interference device (MPMS 3, Quantum Design). Specific heat and resistivity measurements of the sample was done in zero field as well as applied field (resistivity) using Quantum Design physical property measurement system (PPMS, Quantum Design, Inc.). The µSR experiments were carried out using 100% spin-polarized pulse muon beam at the ISIS facility, STFC Rutherford Appleton Laboratory, Didcot, United Kingdom. Both longitudinal and transverse field measurements were carried out with detectors which can be aligned accordingly while sample was mounted on a high purity silver holder. Correction coils were used to neutralize the stray fields at the sample position.
III. RESULTS AND DISCUSSIONS
a. Crystallography Figure 1 shows X-ray diffraction pattern of Zr 3 Ir. The structural refinement of the data was carried out using Fullprof software. It confirms that sample crystallized in the noncentrosymmetric tetragonal α-V 3 S structure (space group no -121) with no impurity. The lattice parameters obtained from refinement are a = b = 10.788(4) Å, c = 5.602(2) Å, consistent with earlier reports [37] . Noncentrosymmetric nature of crystal structure can be seen from the arrangement of Zr atoms (Fig. 1 inset) . A detailed description regarding the crystal structure can be seen in Ref. [37] . well with the equation
Here ρ 0 is the residual resistivity due to crystallographic defects and disorders while second term adds the electronic contribution to resistivity due to electronelectron correlation. Fitting with n = 2.1 yields the values as, ρ 0 = (64.9 ± 0.1) × 10 −6 Ω cm and A = (0.047 ± 0.006) × 10 −6 Ω cm K −2 . A deviation from ideal Fermi behavior can be attributed to increased scattering in the system.
c. Magnetization
The DC magnetic susceptibility measured in both zero field cooled (ZFC) and field cooled cooling (FCC) mode in an applied field of 10 Oe also confirms the bulk superconductivity with transition temperature T onset c = 2.33 ± 0.05 K ( Fig. 3(a) ). A superconducting fraction exceeding 100% is accounted by the uncorrected geometrical factor. Fig. 3 (b) depicts the low field magnetization data taken at different temperatures. The magnetization increases linearly with applied field after which it deviates due to vortex formation. The point of deviation from linear behaviour of the data is taken as the H c1 at each temperature. H c1 (T) is modeled using the Ginzburg-Landau relation H c1 (T) = H c1 (0)(1-t 2 ), where t = T/T c , and we found H c1 (0) = 66 ± 4 Oe.
The upper critical field was estimated by magnetization as well as resistivity measurements at the different applied field in the range 100 Oe ≤ H ≤ 3 kOe. The value of H c2 at each field is taken as the 90% of the fall in moment/resistivity. It was seen from both the measurements that the T c shifted towards lower value with a broader transition as field increases ( Fig. 3(d) inset) . Magnetization data collected against the applied field at different temperature down to 0.4 K is shown in Fig.  3(c) . It is visible from the figure that the area of hysteresis loop decreases as the temperature is increased towards T c , characteristic of type-II superconductor. A discontinuity in slope at a field, as shown in inset (Fig. 3(c) ) is identified as H c2 at each temperature. The value of H c2 (0) is determined by fitting H c2 (T) using the relation
where t = T/T c is the reduced temperature. Fitting the magnetization data using the equation yields H c2 (0) = 9.68 ± 0.42 kOe. The value of H c2 (0) can be used to find Ginzburg-Landau coherence length using the equation ξ GL = (φ 0 /2πH c2 (0)) 1/2 , where φ 0 is the flux quantum ( φ 0 = 2.07 × 10 −15 Tm 2 ). Substituting the value of H c2 (0) gives ξ GL = 185 ± 4 Å. Magnetic penetration depth for the sample λ GL (0) is estimated using the relation
which is obtained as 2624 ± 68 Å. This can be used to estimate Ginzburg-Landau parameter k = λ GL (0)/ξ GL (0) = 14.2 ± 0.8, indicating the type II nature of the sample.
One of the mechanism which causes the breaking of Cooper pair is the Pauli limiting field effect, in which the applied magnetic field induces the spin to align in the same direction of the magnetic field. The Pauli limiting field is estimated as H ± 0.6 kOe. This is larger than the H c2 (0) obtained from magnetization as well as resistivity measurements. Another pair breaking mechanism is the orbital limiting field effect, H orbital c2 (0), which can be calculated by Werthermar-Helfand-Hohenberg expression [38, 39] ,
according to which the kinetic energy of the superelectron exceeds the condensation energy causing the Cooper pair breaking. Substituting α = 0.693 for dirty limit superconductors (Dirty limit nature for Zr 3 Ir is shown in the last section ) and initial slope at T = T c , Heat capacity measurements with temperature confirm the superconducting transition at T c = 2.31 ± 0.05 K. Transition temperature is consistent with the magnetization and resistivity data. Specific heat data was taken in the range 1 K ≤ T ≤ 15 K and normal state specific data was fitted using the relation C/T = γ n + βT 2 which allows the determination of the electronic contribution to specific heat γ n = 16.52 ± 0.09 mJ/mol K 2 and the phononic contribution, β = 0.618 ± 0.001 mJ/mol K 4 (see Fig. 4) The electronic contribution to specific heat is calculated by subtracting the phononic contribution from the total specific heat (C el = C − βT 3 ). The normalised jump in specific heat, ∆C el γnTc came out to be 0.97 ± 0.05 which is less than the BCS value of ∆C el γnTc = 1.43 in the weak coupling limit. Similar low value of specific heat jump is reported for many other noncentrosymmetric materials [31, 40] . This can be attributed to inhomogeneity in the sample or due to the presence of regions which does not participate in superconductivity.
Debye temperature of the sample θ D can be calculated using the value of β with the equation
. Substituting the value of R, the universal gas constant, and number of atoms per formula unit cell N = 4 gives θ D = 232 ± 8 K. Electronic density of states at the Fermi level D C (E f ) is proportional to the Sommerfeld coefficient γ n . This can be calculated using the relation γ n = (
states eV f.u . Once the Debye temperature θ D is determined, one can use McMillans Eq. 5 [41] to evaluate the electron phonon coupling constant, a dimensionless number which says about the relative strength of electron-phonon coupling
This provides us λ e−ph = 0.56 ± 0.04 indicating Zr 3 Ir is an intermediately coupled superconductor. The bareband structure density of states, D band (E f ) is related to electron-phonon coupling strength λ e−ph and can be calculated using D C (E f ) = D band (E f )(1 + λ e−ph ) which gives D band (E f ) = 4.5 ± 0.3 states eV f.u . The effective mass m * of the quasi-particle came out to be 1.56m e using the relation m * = m * band (1 + λ e−ph ), where we have used m * band = m e . The behaviour of electronic specific heat gives salient features of superconducting gap structure. The temperature dependence of electronic specific heat C el is shown in Fig. 4 . The superconducting contribution to entropy (S) as described by BCS theory is
(6) where the integral is taken over the energies of normal electrons relative to the Fermi level.
−1 is the Fermi-Dirac distribution function. The energy of the quasiparticle is given by E(ξ) = ξ 2 + ∆ 2 (t), where y = ξ/∆(0), t = T /T c and ∆(t) = tanh[1.82(1.018((1 /t)-1)) 0.51 ] is the BCS approximation for the temperature dependence of energy gap. The normalised electronic specific heat can be related to normalised entropy by where C el below T c is described by the above equation whereas above T c its equal to γ n T c . The data was fitted quite well with the equation 7. This yielded the value of the superconducting energy gap as ) k B Tc = 1.37 ± 0.04. The value obtained is below the BCS predicted value
e. Muon Spin Relaxation and Rotation
A further investigation of the superconducting ground state was undertaken by muon spin relaxation and rotation measurements. Zero field muon spin relaxation spectra were collected at different temperatures above and below the T c . Figure 5 shows the representative spectra at 2.6 K and 45 mK. The absence of any oscillatory component in the data rules out the presence of any spontaneous coherent field associated with the ordered magnetic structure. In the absence of any coherent magnetic ordering, muon spin relaxation is determined primarily by randomly oriented local nuclear dipole moments, which can be modeled by the Gaussian Kubo-Toyabe (KT) function
where σ ZF corresponds to the relaxation due to static, randomly oriented local fields associated with the nuclear moments at the muon site. The zero field spectra of Zr 3 Ir can be well described by the function
where A 1 corresponds to the sample asymmetry, Λ is the additional electronic relaxation rate, and A BG is the temperature independent background asymmetry coming from the muons stopped in the silver sample holder. Reportedly, in superconducting systems where time-reversal symmetry is broken, spontaneous magnetic moments arise below T c , and an increase may be observed in either σ ZF or Λ. Fitting Eq. 9 at different data sets above and below T c yields similar values of σ ZF and Λ with no noticeable change (see inset Fig. 5 ). This suggests that the time reversal symmetry is preserved in the superconducting phase. Superconducting gap structure of Zr 3 Ir was examined using transverse field µSR (TF-µSR). TF-µSR precession signal was collected at 400 Oe, which is well above the lower critical field. During the experiment, the sample was field cooled to the low temperature to ensure the formation of a well-ordered flux line lattice (FLL). Figure 6 shows the muon spin rotation spectra measured at either side of transition temperature T c . It is quite evident from the graph that the quick decay in spectra below T c is accounted by the formation of FLL, which causes inhomogeneous field distribution. TF-µSR signal is well described by the oscillatory decaying function given by
where ω 1 = γ µ B 1 and ω 2 = γ µ B 2 are the muon precessional frequencies for sample and background respectively, φ is the initial phase offset, σ is the total depolarization rate, and γ µ is muon gyromagnetic ratio. The field distribution due to FLL is broadened by the presence of randomly oriented nuclear magnetic moments. Hence the total depolarization rate σ is written as
Here σ N corresponds to depolarization due to nuclear moments and σ FLL corresponds to that from FLL. According to the model which explains dirty limit (see next page) s-wave superconductors, the temperature dependence of µSR depolarization rate in the vortex state can be written as
where ∆(T) = ∆ 0 δ(T /T c ) and δ(T /T c ) = tanh[1.82(1.018((T c /T )-1)) 0.51 ] is the BCS approximation for temperature dependence of superconducting energy gap. Combining Eq. 11 and Eq. 12, a model is obtained where σ(T) below T c is well described by the relation
whereas above T c it is simply equal to σ N . Figure 7 represents temperature dependent depolarization rate due to FLL at 400 Oe, calculated using Eq. 11. The depolarization rate σ F LL (T) is zero as expected above T c . The best fit to the data using Eq. 12 gives ∆(0) = 0.272 meV. This gives the normalized energy gap at T c ,
k B Tc = 1.372, which accurately matches with the results from specific heat measurement.
The results from the bulk measurements can be effectively used to determine more parameters for Zr 3 Ir which characterizes superconducting ground state. A set of four equations as explained in Ref. [42, 43] is solved to get superconducting carrier density n, effective mass m * , BCS coherence length ξ 0 , mean free path l and are tabulated in Table I . Solving these has confirmed that sample is in the dirty limit regime ( ξ 0 > l e ) justifying the dirty limit model used in both specific heat and muon spectra analysis. The Fermi temperature (T F ) of the sample can be extracted from the relation
which gives the effective Fermi temperature T F = 1645 K. In general, high T c superconductors and other unconventional superconductors falls in the range 0.01 ≤ T c /T F ≤ 0.1 [44] [45] [46] . For Zr 3 Ir the ratio Tc T F comes around 0.0014 which places our sample away from the unconventional family as shown in Fig. 8 .
At this point, it will be worth to discuss the dirty limit nature of the sample which can have implications on the measurements determining the superconducting gap structure, as done in [49] . A superconductor in the dirty limit regime will have an increased scattering from impurities and defects. This effects can have impacts on different measurements at low temperatures, which in turn can give slightly different results, suppressing nodal or anisotropic behavior. A notable example is the case of Mg 10 Ir 19 B 16 where a sample with residual resistivity 1400 µΩcm [50] has shown no evidence of The Uemura plot showing the superconducting transition temperature Tc vs the effective Fermi temperature TF , where Zr3Ir is shown as an inverted yellow triangle. Other data points plotted between the blue solid lines is the different families of unconventional superconductors [47, 48] .
unconventional gap structure. While a comparatively clean sample of Mg 10 Ir 19 B 16 with a residual resistivity value of 100 µΩcm [51] has shown a two gap behaviour at low temperature penetration depth study using tunnel diode oscillator. Though most of the superconductors which have shown non-isotropic behaviour like CePt 3 Si, Li 2 Pt 3 B falls in the clean limit regime, many noncentrosymmetric superconductors with considerable residual resistivity value has shown an isotropic s-wave behaviour. Considering the present case of Zr 3 Ir, the sample has shown a residual resistivity value of 61 µΩcm, which is comparatively less and the depolarization rate is seen temperature independent below 0.7 K within the statistical uncertainty. This strongly suggests that the sample has an isotropic gap, and any other possibility can be ruled out. 
IV. CONCLUSIONS
In conclusion, we have studied the superconducting properties of Zr 3 Ir, which belong to the tetragonal noncentrosymmetric α-V 3 S family. This is one of the first superconductor of this family. The transport, magnetization and specific heat measurements confirms a type-II superconductivity with T c = 2.3 K. The lower and upper critical field value is estimated as H c1 = 66 ± 4 Oe and H c2 = 9.68 ±0.42 kOe. The characteristic length scale for the compound is estimated using the G-L relations which came out to be ξ GL = 185 ± 4 Å and λ GL = 2624 ± 68 Å. The value of the normalised specific heat jump ∆C el γTc = 0.97 ± 0.05 along with the superconducting region fitted using the weak coupling limit BCS expression suggested that Zr 3 Ir is a s-wave superconductor with isotropic gap ∆(0) k B Tc = 1.37 . This was further confirmed by TF-µSR measurements. µSR measurements also rule out the presence of any spontaneous magnetic field arising in the superconducting state, confirming the preserved time reversal symmetry for the system in the sensitivity limit of the muon. To understand the role of the structure/ pairing symmetry in noncentrosymmetric superconductors, further experimental work coupled with theoretical calculations is vital. This work paves the way for further studies on new members from α-V 3 S family of compounds to understand the role of the different crystal structure (noncentrosymmetric)/ spin orbital coupling on time reversal symmetry breaking in noncentrosymmetric superconductors.
